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SUMMARY 


Some  experimental  studies  have  been  made  to  determine  the  general 
characteristics  of  rotor -blade  flutter  under  hovering  and  simulated  for¬ 
ward  flight  conditions  by  means  of  flutter  tests  of  the  rotor  system  of 
a  l/lO-scale  dynamic  model  of  a  two-blade  jet-driven  helicopter.  Tests 
were  made  for  several,  configurations  to  evaluate  the  effect  of  variations 
in  the  blade -pitch-control  stiffness  and  forward  speed  on  the  flutter 
speed. 

The  results  of  the  investigation  showed  that  the  flutter  speed  of 
the  model  blades  was  increased  as  the  blade -pitch-control  stiffness  was 
increased  and  indicated  that  the  structural  blade  modes  of  priujary  signifi¬ 
cance  with  respect  to  flutter  were  the  first  torsion  mode  and  the  flapping 
mode.  The  results  also  showed  that  the  rotor  speed  at  flutter  was  reduced 
slightly  as  the  tip-speed  ratio  was  increased  from  a  hovering  condition  and 
that  the  nature  of  the  flutter  motion  was  changed  from  a  sinusoidal  oscil¬ 
lation  having  a  distinct  frequency  to  a  more  random  type  of  oscillation 
of  comparable  amplitude  but  without  a  well-defined  frequency. 


INTRODUCTION 


As  a  general  rule,  helicopter  designers  are  not  greatly  disturbed  by 
the  phenomenon  of  flutter  primarily  because  rotor  blades  are  generally 
mass -balanced  throughout  their  length  in  consideration  of  other  more 
imminent  problems  such  as  undesirable  control  forces.  In  addition,  the 
blades  of  present-day  helicopters  are  less  susceptible  to  flutter  because 
of  the  relatively  low  tip  speeds.  However,  these  favorable  conditions  may 
not  exist  indefinitely.  The  introduction  of  irreversible  controls  may  lead 
the  designer  to  select  blades  which  are  not  completely  mass -balanced  in 
order  to  obtain  the  desired  strength  with  minimum  weight.  Or  in  some 
cases,  the  internal  structure  may  make  it  desirable  to  achieve  chordwise 
mass  balance  of  the  blade  as  a  unit  by  means  of  concentrated  weights 
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located  at  selected  blade  spanwise  stations.  The  use  of  such  design 

features  in  conjunction  with  higher  tip  speeds  may  cause  flutter  of 

helicopter  rotor  blades  to  become  a  problem.  * 

Experience  with  the  flutter  of  wings  and  propellers  is  of  considerable 
value  in  the  preliminary  consideration  of  helicopter-rotor -blade  flutter 
problems  and  may  indicate  the  trends  to  be  expected  with  variations  in 
basic  parameters.  However,  experimental  information  on  the  flutter  of 
helicopter  rotor  blades  is  desirable  to  verify  these  trends  and  to  point 
out  the  effects  of  some  of  the  unique  design  features  and  flight  condi¬ 
tions  of  helicopters  on  their  flutter  characteristics. 

A  few  years  ago,  a  l/lO-scale  dynamic  model  of  a  two-blade  jet-driven 
helicopter  was  constructed  primarily  to  investigate  the  effects  of  its 
unusual  design  features  on  various  dynamic  problems  including  rotor -blade 
flutter.  The  results  of  the  preliminary  flutter  tests  together  with  a 
description  of  the  model  are  given  in  reference  1.  Those  tests,  made 
under  hovering  conditions  for  values  of  the  model  parameters  appropriate 
to  a  full-scale  helicopter  having  these  general  characteristics,  showed  » 

that  the  model  was  only  marginally  safe  from  the  standpoint  of  flutter. 

The  studies  were  therefore  extended  by  varying  some  of  the  model  param¬ 
eters  through  a  wider  range  and  by  including  tests  under  simulated 
forward-flight  conditions  in  order  to  obtain  flutter  data  of  more  general 
interest . 

Tests  were  made  for  a  wide  range  of  control -system  restraint  with 
the  model  in  the  hovering  condition,  and  the  effects  of  forward  flight 
were  investigated  for  three  different  mass  distributions,  one  of  which 
included  tabs  attached  to  the  trailing  edges  of  the  blades.  The  results 
of  these  tests,  together  with  a  description  of  the  manner  in  which  the 
parameters  were  changed  by  modification  of  the  model  components,  are 
presented. 


SYMBOLS 


B  bending  strain-gage  response  at  flutter,  in. 

Br  reference  bending  strain-gage  response,  in. 

c  blade  chord,  in. 

Ca  torsional-control  stiffness,  ft-lb/radian 

bending  stiffness,  lb-in.^  » 
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torsion  stiffness,  lb-in. ^ 

blade  polar  moment  of  inertia  per  unit  length  about  sec¬ 
tion  chordwise  center  of  gravity,  slug-ft 

moment  of  inertia  of  tab  installation  about  its  center - 
of -gravity  location,  slug-ft^ 

effective  Southwell  coefficient  for  first  torsion  mode 

mass  added  to  blade,  slugs 
mass  of  blade,  slugs 
radial  distance  to  blade  element,  ft 
blade  radius,  ft 

torsional  strain-gage  response  at  flutter,  in.;  restoring 
torque 

reference  torsional  strain-gage  response,  in. 

simulated  forward  velocity,  ft /sec 

tip-speed  ratio  (cos  a  assumed  equal  to  1),  V,  a 

tip -speed  ratio  at  flutter,  v/ft|.R 

rotor  angular  velocity,  rpm 

rotor  angular  velocity  at  flutter,  rpm 

effective  rotor  angular  velocity,  rpm 

rotor  angle  of  attack,  radians 
flutter  frequency,  cpm 

first  torsion  frequency  at  rotational  speed  ft,  cpm 

first  torsion  frequency  at  rotational  flutter  speed  ftf,  cpm 


first  torsion  frequency  at  ft  =  0,  cpm 
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APPARATUS  AND  METHODS 

Description  of  Model  and  Test  Configurations 


The  experimental  flutter  studies  were  made  with  the  rotor  and  pylon 
suspension  system  of  a  l/lO-scale  dynamic  model  of  a  two-blade,  jet-driven 
helicopter  mounted  on  the  tiltable  support  shown  in  figure  1.  The  uncon¬ 
ventional  design  features  together  with  a  detailed  description  of  the 
model  components  of  the  design  configuration  are  given  in  reference  1. 

The  13-foot-diameter  rotor  is  powered  by  a  pressure-jet  system  using 
a  compressed-air  power  supply.  The  blades  are  equipped  with  two  detachable 
external  counterweights  to  adjust  the  blade  static  moment  about  the  quarter 
chord,  and  the  blade  centrifugal  forces  are  transferred  to  the  hub  by  means 
of  two  blade -retention  straps.  The  spanwise  distributions  of  significant 
blade  parameters  including  blade  weight,  chordwise  center -of -gravity 
location,  mass  moment  of  inertia,  and  stiffness  are  given  in  figures  2  to  5. 

a 

The  flutter  tests  were  made  in  two  series.  The  first  series  con¬ 
sisted  of  tests  with  the  model  in  the  hovering  condition  to  determine  the 
effect  of  blade -pitch-control  stiffness,  and  the  second  series  of  tests 
was  made  under  simulated  forward-flight  conditions  (p  up  to  0.18)  to 
determine  the  effects  of  tip-speed  ratio.  The  blade  configurations  used 
in  the  two  series  of  tests  are  shown  schematically  in  figures  6(a)  and  6(b). 

The  flutter  tests  which  constitute  the  first  series  were  made  for 
five  configurations  of  the  rotor  blades,  referred  to  hereinafter  as  con¬ 
figurations  1  to  5;  these  configurations  had  various  control  stiffnesses. 

These  changes  in  control  stiffness  are  shown  in  figure  6(a)  and  in  table  I. 

The  control  stiffness  is  defined  as  the  torque  per  unit  angle  of  rotation 
which  is  required  to  rotate  the  blade  root  about  the  pitch  or  feathering 
axis.  In  order  to  provide  a  convenient  means  for  varying  the  blade-pitch- 
control  stiffness,  the  pitch -control  arms  were  disconnected  from  the  swash 
plate  and  connected  by  vertical  links  to  a  control  beam,  the  arrangement 
of  which  is  shown  by  the  sketch  of  the  rotor  hub  in  figure  7*  The  torsional- 
control  stiffness  was  varied  by  using  a  series  of  control  beams  having 
different  stiffnesses.  The  values  of  the  control  stiffness,  measured  in 
units  of  ft-lb/radian,  for  the  configurations  tested  were  6.4-5,  19*25,  50*40, 
ll6.0,  and  134.2.  This  control  system  did  not  provide  for  cyclic-pitch 
variations.  The  collective-pitch  angle  was  preset  to  approximately  0° 
before  each  test. 

The  tests  which  constitute  the  second  series  were  made  for  three 
additional  configurations,  hereinafter  designated  as  configurations  6,  7, 
and  8,  wherein  the  control  stiffness  was  held  constant  at  135*2  and  changes 
were  made  in  the  mass  distribution  of  the  blades  as  shown  by  the  blade  * 

sketches  in  figure  6(b).  Configuration  6  was  essentially  the  same  as 
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configuration  5  with  the  outboard  counterweight  removed.  Configuration  7 
was  identical  to  configuration  6  except  that  a  small  weight  was  added  to 
the  trailing  edge  of  the  blade  near  the  tip.  For  configuration  8,  both 
counterweights  were  removed  from  the  blades  and  a  fixed  trailing-edge  tab 
was  installed.  Details  of  the  changes  in  the  blade  mass  distribution  for 
these  configurations  are  given  in  table  II  and  the  details  of  the  tab 
installation  are  given  in  figure  8. 

The  model  tests  to  determine  the  effect  of  blade -pitch-control  stiffness 
on  flutter  were  made  with  the  tiltable  support  locked  in  the  vertical  posi¬ 
tion.  The  center  of  the  rotor  was  located  approximately  1  rotor  diameter 
from  a  wall  and  about  55  inches  above  the  floor  as  indicated  in  the  sketch 
of  the  rotor  support  shown  in  figure  9 ■ 

The  model  tests  to  evaluate  the  effect  of  tip-speed  ratio  on  flutter 
were  made  in  the  return  passage  of  the  Langley  full-scale  tunnel  where 
average  velocities  up  to  about  35  ft /sec  could  be  obtained.  The  maximum 
random  fluctuations  in  the  flow  were  approximately  120  percent  of  the 
average  velocity.  The  rectangular  cross  section  of  the  passage  at  the 
test  area  is  approximately  50  feet  wide  and  65  feet  high.  The  rotor  center 
was  located  85.5  inches  above  the  floor  (see  fig.  9)  end.  midway  between  the 
t tonne 1  walls.  During, these  tests,  the  upper  section  of  the  rotor  Support 
was  tilted  forward  (into  the  wind)  approximately  3.1°  so  that  it  corresponded 
to  the  normal  shaft  configuration  of  the  prototype  in  cruising  flight. 


Instrumentation 

The  instrumentation  of  the  model  consisted  of  a  rotor-speed  tachometer, 
a  one -per-re volution  rotor-speed  timer,  a  tunnel  velocity  indicator,  and 
strain-gage  installations  on  the  blades.  The  outputs  from  the  rotor -speed 
timer,  tunnel  velocity  indicator,  and  strain  gages  were  recorded  on  oscillo¬ 
graph  records.  A  sample  record  is  shown  in  figure  10. 

The  rotor-speed  tachometer  consisted  of  a  small  multipole  generator, 
the  armature  of  which  was  attached  to  the  rotor  hub  by  means  of  a  flexible 
coupling.  The  generator  output  was  fed  into  a  commercial  device  for 
measuring  frequencies  which  showed  the  rotor  speed  directly  on  a  series 
of  dials. 

The  one-per-revolution  rotor-speed  timer  consisted  of  a  spring-loaded 
brush-contactor  arrangement  which  effected  a  break,  in  an  oscillograph  gal¬ 
vanometer  circuit  once  each  revolution  of  the  rotor.  Time  intervals  were 
obtained  from  a  60-cycle  timing  trace  on  the  record . 

The  tunnel  velocity  indicator  consisted  of  a  small  sphere  mounted  on 
a  strain-gage  cantilever  beam  which  was  located  on  a  rigid  support  at  the 
same  height  as  the  rotor  above  the  floor  and  one  radius  upstream  and  one 
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diameter  to  the  starboard  of  the  rotor  center.  The  output  of  the  gages, 
which  depended  on  the  drag  of  the  sphere,  was  recorded  and  converted  to 
the  tunnel  velocity  by  means  of  an  established  calibration  factor. 

Strain  gages  were  mounted  on  the  exterior  surfaces  of  the  blades  in 
the  vicinity  of  the  quarter  chord  at  station  k'J  (0.6  blade  radius)  to 
indicate  the  frequencies  and  amplitudes  of  the  bending  and  torsion  blade 
deformations . 


Testing  Technique 

The  flutter  tests  in  the  hovering  condition  were  made  by  gradually 
increasing  the  rotor  speed  until  flutter  occurred.  As  soon  as  possible 
after  the  blades  began  to  flutter,  the  air  supply  to  the  rotor  was  reduced. 
A  similar  procedure  was  followed,  in  the  investigation  of  the  effect  of 
tip-speed  ratio  on  flutter,  for  a  series  of  discrete  tunnel  velocities 
ranging  from  0  to  a  maximum  velocity  of  about  35  ft/sec  (p  up  to  0.18). 


RESULTS  AND  DISCUSSION 


Observations  during  the  flutter  tests  indicated  that,  in  some  cases, 
the  blades  tended  to  diverge  or  go  out  of  track  before  flutter  was 
encountered;  that  is,  at  a  certain  rotor  speed  the  tip-path  planes  of 
the  two  individual  blades  ceased  to  be  coincident  and  one  blade  tracked 
above  its  normal  plane  of  rotation  and  the  other  below.  The  amount  of 
out-of-track  then  increased  rapidly  with  increased  rotor  speeds.  When 
some  of  the  flutter  data  were  obtained,  particularly  those  for  the  lower 
values  of  pitch-control  stiffness,  it  was  often  necessary  to  tolerate 
amounts  of  out-of- track  equal  to  as  much  as  20  percent  of  the  blade  radius. 
When  the  blades  commenced  to  flutter,  however,  they  appeared  to  oscillate 
about  the  normal  plane  of  rotation.  The  tendency  of  the  blades  to  diverge 
was  more  pronounced  during  the  hovering  tests  than  during  the  forward- 
flight  flutter  tests. 

An  examination  of  the  records  showed  that,  after  the  flutter  commenced 
and  after  the  power  to  the  rotor  had  been  cut  off,  the  flutter  of  the  model 
blades  usually  continued  to  a  rotor  speed  well  below  that  at  which  flutter 
was  initially  encountered.  In  the  hovering  condition,  the  rotor  speed  at 
which  flutter  stopped  was  in  some  cases  as  much  as  25  percent  below  the 
rotor  speed  at  which  flutter  started  and  changes  in  the  flutter  mode  and 
frequency  were  often  noted  as  the  flutter  continued  to  the  lower  rotor 
speed.  During  the  forward-flight  tests,  the  differences  in  the  rotor  speeds 
at  the  beginning  and  end  of  flutter  were  generally  less  than  10  percent. 

The  flutter  data  presented  in  this  paper  correspond  to  the  points  where 
flutter  commenced. 
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The  pertinent  model  parameters  and  the  flutter  test  results  are  given 
in  tables  I  to  III  and  in  figures  10  to  1 6  and  are  discussed  in  the  subse¬ 
quent  sections. 


Effect  of  Blade -Pitch-Control  Stiffness 

Tests  have  shown  that  the  flutter  speed  and  associated  flutter  fre¬ 
quency  of  the  classical  bending -torsion  type  of  flutter  of  most  aerody¬ 
namic  structures  such  as  wings ,  propellers ,  and  rotor  blades  are  strongly 
dependent  on  the  torsional  stiffness  which  is  characterized  by  the  first 
torsional  frequency.  (The  first  torsional  frequency  referred  to  herein 
is  the  frequency  of  the  first  coupled  mode  which  is  predominantly  torsion. 

the  elastic  axis  and  the  chordwise  center-of-gravity  axis  of  the 
blade  are  nearly  coincident,  the  amount  of  bending  in  this  coupled  mode 
is  small.)  The  torsional  frequency  <px  for  a  rotor  blade  at  any  rotor  speed 
a  is  given  approximately  by  an  equation  of  the  general  form 


“a2  "  “a/  +  K““2 


where  is  the  torsional  frequency  at  1  =  0  and  is  an  effective 

Southwell  coefficient  for  blade  torsion  which  depends  on  the  root-control 
system  as  well  as  on  the  blade  flexibility.  Experimental  and  theoretical 
studies  were  made  to  determine  the  appropriate  values  for  K  for  each 

value  of  Ca,  and  the  results  of  these  studies  are  discussed  in  the  appendix. 

The  variation  of  torsional  frequency  with  rotor  speed,  for  each  blade - 
pitch-control-stiffness  configuration,  is  shown  by  the  dashed  lines  in 
figure  11  together  with  the  flutter  boundary  which  shows  the  effect  of 
changes  in  blade -pitch-control  stiffness  on  the  rotor  speed  at  flutter. 

Curves  of  limiting  frequencies  which  correspond  to  values  of  blade-pitch- 
control.  stiffness  of  zero  and  infinity  are  also  shown.  The  data  presented 
in  figure  11  show  that  flutter  was  obtained  over  the  entire  range  of  blade- 
pitch-control  stiffnesses  tested  at  rotor  speeds  above  the  normal  operating 
speed  of  the  model.  The  flutter  speed  is  reduced  approximately  22  percent 
as  the  control  stiffness  is  varied  from  135.2  ft-lb /radian  to 
19.25  ft -lb /radian.  It  appears  that  a  minimum  value  of  the  flutter  speed 
occurs  at  Ca  =  19.25  since  there  is  a  slight  increase  in  the  flutter 

speed  as  the  control  stiffness  is  further  reduced  to  6.45  ft-lb /radian. 

For  the  model  tested,  there  is  a  large  increase  in  the  blade  torsional 
4  frequencies  with  rotor  speed  due  largely  to  the  torsional  restoring  moment 

which  results  when  centrifugal  forces  act  on  the  blade -retention  straps. 
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The  results  shown  in  figure  11,  however,  should  be  generally  applicable  to 
a  similar  blade  mounted  in  a  more  conventional  manner  (without  straps)  and 
having  a  higher  torsional  control  stiffness  Ca  to  give  corresponding 
torsional  frequencies  at  flutter. 

Motion  pictures  and  visual  observations  of  the  flutter  showed  that 
the  motion  of  the  various  blade  elements  during  flutter  consisted  of  a 
combination  of  translation  in  the  flapping  plane  and  torsion  and  that  a 
large  part  of  the  translation  of  the  blade  elements  was  due  to  blade 
flapping.  The  oscillograph  records  of  the  flutter  showed  that  some  elastic 
bending  of  the  blade  was  also  present;  however,  the  structural  modes  which 
primarily  affect  the  flutter  characteristics  of  the  blades  are  the  first 
torsional  mode  and  the  flapping  mode.  This  conclusion  is  emphasized  in 
figure  12  where  the  significant  blade  frequencies  are  shown  as  a  function 
of  the  rotor  speed  at  flutter.  The  increase  in  the  frequencies  of  the 
flapping  and  first  bending  modes  with  rotor  speed  at  flutter  are  due  only 
to  the  effects  of  centrifugal  forces,  whereas  the  corresponding  increase 
in  the  frequency  of  the  first  torsion  mode  is  due  to  the  combined  effects  of 
centrifugal  force  and  changes  in  the  blade -pitch-control  stiffness.  The 
data  in  figure  12  show  that,  for  all  configurations  studied,  the  flutter 
frequency  is  approximately  midway  between  the  first  torsion  or  first 
bending  frequency  and  the  flapping  frequency.  The  results  of  flutter 
tests  of  wings  involving  coupling  of  primary  bending  and  torsion  modes 
show  that  the  flutter  frequency  usually  has  a  value  which  is  between  the 
frequencies  of  the  modes  involved.  Inasmuch  as  it  was  established  by 
observations  of  the  flutter  motion  of  the  blades  that  substantial  blade 
torsion  was  present  during  flutter,  and  inasmuch  as  the  data  presented 
in  figure  11  show  a  substantial  variation  in  flutter  speed  with  torsional 
frequency,  it  is  concluded  that  the  blade  modes  of  primary  significance 
are  the  flapping  mode  and  first  torsion  mode. 

The  loops  in  the  curves  for  the  first  torsional  frequency  and  the 
flutter  frequency  which  are  shown  at  the  lower  flutter  speeds  in  figure  12 
are  a  reflection  of  the  fact  that  the  flutter  data  presented  in  figure  11 
show  an  increase  in  flutter  speed  as  the  torsional  frequency  is  reduced 
below  about  800  cpm.  However,  the  data  show  that,  even  though  the  flutter 
speed  is  increased  slightly  for  the  lowest  value  of  the  control  stiffness 
tested,  the  flutter  frequency  is  reduced  approximately  in  proportion  to 
the  blade  torsional  frequency. 


Effect  of  Tip -Speed  Ratio 

The  effect  of  tip-speed  ratio  on  the  rotor  speed  at  flutter  for  the 
three  configurations  tested  is  shown  in  figure  13 .  These  data  show  that 
the  rotor  speed  at  flutter  is  slightly  lower  at  the  higher  tip-speed  ratios 
than  it  is  at  the  lower  tip-speed  ratios .  For  configurations  6  and  8  the 
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reduction  in  flutter  speed  occurred  largely  between  p  =  0  and  p  =  0.10 
whereas  for  configuration  7  "the  flutter  speed  was  increased  for  this  range 
of  tip-speed  ratio  and  decreased  for  tip-speed  ratios  of  0.10  to  0.18. 

Since  there  are  large  changes  in  velocity  over  the  blades  as  the  blades 
rotate  during  forward  flight,  it  is  interesting  to  examine  a  plot  of  the 
actual  velocity  over  the  blade  tip  at  flutter  to  determine  the  extent  to 
which  these  fluctuations  in  velocity  may  contribute  to  the  reduced  rotor 
speed  at  flutter.  Figure  14  shows  the  rotor- tip  speed  at  flutter,  due  to 
blade  rotation,  and  the  corresponding  tip  speeds  of  the  advancing  and 
retreating  blades  as  a  function  of  /the  tip-speed  ratio  for  configuration  6. 
At  a  given  value  of  p,  the  blade -tip  speed  at  flutter  would  actually  be 
fluctuating  between  the  maximum  and  minimum  tip-speed  values  shown  in  fig¬ 
ure  14.  This  fluctuation  indicates  that  the  tip  speed  at  flutter  for  the 
forward-flight  tests  exceeded  the  tip  speed  at  flutter  for  the  hovering 
tests  (p  =  0)  for  a  part  of  each  revolution  of  the  blade.  Thus,  for  this 
configuration,  flutter  did  not  occur  in  the  forward-flight  condition  when 
the  velocity  of  the  advancing  blade  reached  the  flutter  speed  of  the  blade 
in  the  hovering  condition. 

In  addition  to  affecting  the  flutter  speed  slightly,  forward  flight 
also  caused  noticeable  changes  in  other  model  flutter  characteristics  as 
shown  in  figure  10  by  the  comparison  of  flutter  records  obtained  during 
hovering-  and  forward-flight  conditions.  The  flutter  motions  at  p  =  0 
were  characterized  by  sinusoidal  oscillations  with  well-defined  frequencies 
whereas  at  forward  speeds  the  flutter  oscillations  were  very  irregular  and 
the  flutter  frequencies  could  be  determined  only  approximately.  For  this 
reason  only  the  flutter  frequencies  for  the  tests  in  the  hovering  condition 
are  listed  in  table  II. 

In  addition  to  showing  the  effect  of  tip-speed  ratio  on  rotor -blade 
flutter,  the  results  presented  in  table  II  and  figure  13  also  show  that 
the  flutter  speed  is  reduced  by  the  addition  of  a  concentrated  weight  to 
the  blade  near  the  tip  and  rearward  of  the  chordwise  center-of -gravity 
location.  The  results  further  show  that  the  installation  of  fixed  tabs  to 
the  blades  at  the  trailing  edge  near  the  tip  results  in  a  slightly  higher 
flutter  speed  and  somewhat  lower  flutter  stresses  at  station  47  than 
would  be  expected  from  the  addition  of  concentrated  weights  having  the 
same  mass  and  inertia  characteristics . 


Effect  of  Flutter  on  Blade  Stresses 

The  phenomenon  of  flutter  is  Of  interest  primarily  as  a  result  of 
the  large  stresses  which  the  fluttering  blades  impose  on  themselves  and 
other  components  of  the  helicopter  structure.  During  the  present  investi¬ 
gation,  the  blade  strains  encountered  during  flutter  were  measured  at  sta¬ 
tion  4-7  and  are  proportional  to  the  trace  amplitudes  listed  in  table  II 
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where  B  is  the  amplitude  of  the  bending-trace  deflection  and  T  is 
the  amplitude  of  the  torsion-trace  deflection.  For  the  sake  of  compari¬ 
son,  the  bending-  and  torsion-trace  amplitudes  measured  during  a  transi¬ 
tion  from  hovering  to  forward  flight  at  the  normal  rotor  speed  of 
283  revolutions  per  minute  are  given  in  figure  15  for  configuration  6. 

Table  III  presents  a  tabulation  of  these  reference  trace  amplitudes 
(designated  by  subscript  r)  and  the  trace  amplitudes  measured  during  flut¬ 
ter  as  well  as  the  ratios  b/Bj.  and  T/Tr.  These  ratios,  which  are  equiv¬ 
alent  to  the  ratios  of  blade  stresses,  are  plotted  as  a  function  of  the 
tip-speed  ratio  in  figure  16. 

Figure  l6  shows  that  the  stresses  measured  during  flutter  are  signifi¬ 
cantly  higher  than  those  measured  during  normal  operation.  This  condition 
is  particularly  true  in  the  case  of  blade  torsion  and  at  tip-speed  ratios 
near  zero .  The  large  decrease  in  the  ratio  of  the  stresses  between  p  =  0 
and  p  =  0.09,  as  well  as  the  increase  in  the  stress  ratio  at  the  higher 
values  of  p,  may  be  attributed  largely  to  the  variation  in  the  reference 
stresses  with  tip-speed  ratio  as  shown  by  the  curves  of  figure  15.  The 
magnitudes  of  the  flutter  stresses  were  approximately  the  same  throughout 
the  range  of  tip-speed  ratios  studied. 


CONCLUSIONS 


As  a  result  of  the  investigation  of  the  rotor -blade  flutter  charac¬ 
teristics  of  a  l/lO-scale  dynamic  model  of  a  two-blade  jet-driven  helicopter, 
the  following  conclusions  are  presented: 

1.  The  effect  of  increasing  the  torsional  frequency  of  the  blades  by 
increasing  the  stiffness  of  the  blade -pitch-control  mechanisms  was  to 
increase  the  flutter  speed  and  flutter  frequency. 

2.  The  flapping  mode  and  the  first  torsion  mode  appear  to  be  of  pri¬ 
mary  significance  in  that  the  flutter  mode  and  frequency  appear  to  be 
chiefly  the  result  of  the  coupling  of  these  two  modes. 

3.  The  effect  of  forward  velocity  was  to  decrease  the  rotor  speed  at 
flutter  slightly;  however,  the  resultant  tip  speed  of  the  advancing  blade 
at  flutter  increased  with  tip-speed  ratio. 

4.  As  the  tip-speed  ratio  is  increased  from  zero,  the  flutter  motions 
change  from  a  well-defined  sinusoidal  oscillation  having  a  distinct  fre¬ 
quency  to  a  more  random  type  of  oscillation  of  comparable  amplitude  but 
without  a  well-defined  frequency. 

5.  The  blade  stresses  encountered  at  station  4-7  (0.6  blade  radius) 
during  flutter  were  much  higher  than  those  encountered  during  normal  flight 
at  similar  tip-speed  ratios  and  under  similar  atmospheric  conditions. 
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This  result  was  most  pronounced  under  hovering  conditions  where  the  stresses 
under  normal  flight  conditions  are  very  low  and  the  flutter  stresses  very 
high. 


Langley  Aeronautical  Laboratory , 

National  Advisory  Committee  for  Aeronautics , 
Langley  Field,  Va.,  December  7>  195^ • 
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APPENDIX 


DETERMINATION  OF  cn  AND  EFFECTIVE  SOUTHWELL  COEFFICIENT 

ao 

FOR  THE  VARIATION  OF  THE  FIRST  TORSIONAL  FREQUENCY 
WITH  ROTOR  SPEED  FOR  VARIOUS  CONTROL  STIFFNESSES 


The  effect  of  centrifugal  force  on  the  natural  frequency  of  the  first 
torsional  mode  of  the  blade  is  to  increase  the  natural  frequency  approxi¬ 
mately  as  follows: 


a)  2  +  K 
ao 


where  cjo  is  the  torsional  frequency  at  rotor  speed  Q.  and  or,  is  the 
a  u-o 

torsional  frequency  when  D  =  0.  The  coefficient  Ka  is  commonly  referred 
to  as  the  Southwell  coefficient  for  torsion. 


Determination  of 

In  general,  o  can  be  calculated  from  spanwise  distributions  of 
ao 

the  mass  moment  of  inertia  about  the  torsion  axis  and  the  torsional  stiff¬ 
ness  GJ  of  the  blade  or  it  can  be  obtained  experimentally.  In  this  partic 
ular  case,  m  was  obtained  experimentally  by  mounting  the  blades  on  the 

hub  in  the  test  configuration.  Each  blade  was  supported  on  a  single  elastic 
shock  cord  at  the  spanwise  location  of  the  node  of  the  first  elastic  bending 
mode.  The  tips  of  the  blades  were  then  deflected  in  torsion  and  the  fre¬ 
quency  was  obtained  from  oscillograph  records  of  blade  strain-gage 
responses  following  instantaneous  removal  of  the  applied  torque  at  the 
blade  tip.  The  same  procedure  was  followed  for  each  change  in  blade -pitch- 
control  stiffness. 


Determination  of  K 

a 

Effect  of  tension  on  blade  stiffness.-  In  general,  the  influence  of 
centrifugal  forces  on  the  torsional  frequency  is  due  to  two  separate  effects 
The  first  of  these  is  the  stiffening  effect  due  to  the  tendency  of  centrif¬ 
ugal  forces  to  reduce  the  amount  of  blade  twist  by  straightening  the  fibers 
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of  the  blade.  This  effect  is  discussed  in  some  detail  in  reference  2  where 
the  restoring  torque  T  at  any  spanwise  station  of  the  blade  is  given  as: 


where 

F  centrifugal  tensile  force  in  the  blade 

A  stressed  area  of  the  cross-section 

I  area  moment  of  inertia  of  the  stressed  area  of  the  cross 

0  section  about  the  centroid  of  the  stressed  area 

$  blade  twist  per  unit  length  of  span 

%  Since  the  centrifugal  force  F  is  proportional  to  $■,  this  effect  can  be 

treated  as  a  part  of  the  Southwell  coefficient.  Calculations  made  for  the 
present  blades  indicate  a  value  of  K  of  0.17. 

■<m  CL 

Effect  of  chordwise  components  of  centrifugal  forces.-  The  second  con¬ 
tribution  of  centrifugal  forces  toward  the  increase  in  torsional  frequency 
with  rotor  speed  arises  from  the  fact  that  the  chordwise  components  of  the 
centrifugal  forces  acting  on  any  element  of  a  blade  act  in  such  a  manner 
as  to  reduce  the  angle  between  the  blade  element  and  the  plane  normal  to 
the  shaft.  This  effect  is  discussed  in  some  detail  in  reference  3  and 
leads  to  a  value  of  of  approximately  1  for  rotor  blades. 


Bifilar  effect.-  In  addition  to  the  effects  previously  discussed,  the 
natural  torsional  frequency  of  the  present  design  is  also  subject  to  an 
additional  effect  of  centrifugal  force  by  virtue  of  the  fact  that  attach¬ 
ment  of  the  blade  to  the  hub  by  means  of  the  blade-retention  straps  is 
essentially  a  bifilar  suspension.  The  restoring  torque  in  this  case  is  a 
function  of  the  blade  pitch  angle,  the  distance  between  the  straps,  the 
length  of  the  straps,  and  the  centrifugal  force  at  the  point  of  strap 
attachment  to  the  blade  flanges.  In  the  present  case,  if  the  blade  is 
assumed  to  rotate  about  the  feathering  or  pitch  bearing  as  a  rigid  body, 
calculations  yield  a  Southwell  coefficient  of  4.24. 

Effective  Southwell  coefficient.-  The  effective  Southwell  coefficient 
is  obtained  by  a  combination  of  the  three  effects  previously  discussed 
and  varies  with  the  blade -pitch-control  stiffness.  This  variation  is 
explained  as  follows:  If  the  blade -pitch-control  stiffness  is  zero,  the 
natural  frequency  of  the  bifilar-suspension  system  is  substantially  below 
the  first  natural  frequency  of  the  blade  and  only  negligible  blade  deforma¬ 
tions  occur  when  the  blade  vibrates  in  torsion  about  the  blade -pitch  bearing. 
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In  this  case,  the  effective  value  of  Ka  is  obtained  by  adding  the 

bifilar  value  of  the  Southwell  coefficient  of  k.2k  to  the  contribution 
of  the  chordwise  components  of  centrifugal  force  which  has  a  value  of  1. 
The  effective  value  of  5.2k  is  shown  in  figure  17. 

At  the  other  extreme,  as  the  blade -pitch-control  stiffness  becomes 
very  large,  the  bifilar  effect  diminishes  and  it  approaches  zero  when  the 
blade -root  attachment  is  fixed.  In  the  latter  case,  the  Southwell  coef¬ 
ficient  approaches  the  value  of  1.17  which  represents  the  combined  effect 
of  the  spanwise  and  chordwise  components  of  centrifugal  forces  acting  on 
the  blade  elements.  In  this  case  the  value  of  1.17  corresponds  to  a 
frequency  u>a  of  1, 4-4-0  cpm  as  shown  in  figure  17-  At  all  values  of 

05  less  than  1,4-40  cpm  and  greater  than  0,  the  effective  value  of  K 
ao 

would  be  greater  than  1.17  loss  than  5*24-. 

In  an  effort  to  determine  the  effective  values  of  Ka  for  the  con¬ 
trol  stiffnesses  employed  in  the  model  tests,  the  rotor  hub  was  mounted  on 
a  rigid  support  and  the  blades  were  allowed  to  hang  vertically.  For  each 
blade-pitch-control-stiffness  configuration,  the  blade -retention  straps 
were  loaded  in  tension  by  applying  various  loads  to  the  blade -root  attach¬ 
ment  (fig.  7)  in  a  manner  which  would  simulate  centrifugal  forces.  The 
natural  frequencies  of  the  blades  in  this  condition  were  measured  for  each 
configuration  and  are  plotted  in  figure  18  as  a  function  of  the  effective 
rotor  speed  for  each  control  stiffness.  The  effective  rotor  speed  is 
defined  as  the  speed  at  which  the  centrifugal  force  on  the  retention 
straps  would  be  equal  to  the  applied  load.  The  theoretical  frequencies 
obtained  when  the  blade -pitch-control  stiffness  Ca  approaches  zero  and 

infinity  are  also  shown.  Curves  were  faired  through  the  experimental 
data  points  and  calculations  were  made  to  determine  the  Southwell  coef¬ 
ficient  associated  with  each  curve .  A  value  of  1  was  then  added  to  the 
measured  value  to  account  for  chordwise  centrifugal -force  effects  which 
were  not  simulated  and  the  resulting  coefficients  were  plotted  in 
figure  17.  The  curve  faired  through  the  data  points  of  figure  17  is 
assumed  to  give  the  approximate  effective  value  of  Ka  for  all  values 

of  05  .  These  values  of  IC,  are  used  to  determine  the  torsional  f re¬ 

do 

quency  of  the  blades  used  in  the  presentation  of  the  flutter  data  in 
figure  11. 

Effect  of  control  stiffness  on  torsional  frequencies  o^--  A  rather 

interesting  study  of  the  manner  in  which  the  flexibility  of  the  blade  and 
the  blade -pitch-control  stiffness  combine  to  control  the  torsional  fre¬ 
quency  is  afforded  by  figure  19  where  ^  is  plotted  as  a  function 

of  C  .  Boundaries  are  presented  for  the  blade  pitching  as  a  rigid  body 
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about  the  pitch  bearing  and  for  the  blade  clamped  at  the  blade -root 
attachment  flange  and  twisting  as  a  cantilever  beam.  For  the  model  design 
value  of  Ca  =  87.8,  the  curve  of  measured  frequencies  shows  that  the 

natural  mode  of  torsional  vibration  consists  of  a  combination  of  blade 
pitching  as  a  rigid  body  and  blade  twisting  as  a  cantilever. 
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TABLE  II.-  RESULTS  OF  FLUTTER  TESTS  UNDER  SIMULATED 
FORWARD-FLIGHT  CONDITIONS 


(a)  Inboard  counterweight  attached;  outboard  counterweight 
removed;  0^  =  1,248  cpm;  configuration  6 


Test 

n 

Flutter 

speed, 

rpm 

Flutter 

frequency, 

cpm 

B,  in. 

(a) 

T,  in. 

(a) 

1 

0 

360 

13.3 

1.13 

2.72 

2 

0 

379 

13-3 

1-95 

3.85 

3 

0 

380 

13-3 

1.65 

3.52 

4 

.067 

346 

— 

1.15 

2.47 

5 

.076 

353 

— 

1.46 

2.50 

6 

.077 

350 

— 

1.40 

3.16 

7 

.077 

357 

— 

1.20 

2-35 

8 

.080 

350 

— 

i.4o 

2-99 

9 

.083 

350 

— 

1.20 

2.50 

10 

.096 

353 

— 

1.75 

3-35 

n 

.112 

343 

— 

1.74 

2.95 

12 

.119 

340 

— 

1-73 

3.20 

13 

.121 

348 

— 

1.38 

2.60 

14 

.142 

340 

_  _ J 

1.75 

2.90 

(b)  Inboard  counterweight  attached;  outboard  counterweight  removed; 
l/8  lb  (m/M  =  0.025)  concentrated  weight  added  to  blade  at  sta¬ 
tion  67  at  96.2  percent  chord;  =  1,209  cpm;  configuration  7 


Test 

w 

Flutter 

speed, 

rpm 

Flutter 

frequency, 

cpm 

B,  in. 

(a) 

T,  in. 

(a) 

15 

0 

310 

12.2 

0.86 

2.66 

16  : 

0 

305 

12.1 

.68 

2.10 

17 

0 

295 

U.7 

.84 

1.86 

18 

.068 

305 

— 

1.20 

1.40 

19 

.076 

313 

— 

.78 

1.40 

20 

.088 

319 

— 

1.58 

2.40 

21 

.090 

310 

— 

1.10 

1.55 

22 

.102 

310 

- - 

2.00 

3.20 

23 

.103 

310 

— 

•  70 

1.25 

24 

.132 

293 

— 

1.30 

1.28 

25 

.135 

297 

— 

.96 

1.28 

26 

.177 

285 

— 

1.76 

2.78 

27 

.183 

285 

— 

1.10 

1.30 

(c)  Both  counterweights  removed;  4-  by  10-inch  tab  installed 
(tab  installation  described  in  fig.  4);  configuration  8 


Test 

Flutter 

speed, 

ipm 

Flutter 

frequency, 

cpm 

B,  in. 

(a) 

T,  in. 

(a) 

28 

0 

316 

11.0 

O.76 

2.50 

29 

0 

322 

11.1 

•  94 

2.64 

30 

.098 

293 

— 

.58 

1.10 

31 

.098 

295 

— 

.64 

1.04 

32 

.101 

286 

— 

.68 

1.00 

33 

.128 

300 

— 

.80 

1.38 

34 

.128 

300 

— 

.97 

.66 

35 

.140 

285 

— 

.66 

1.06 

56 

.166 

290 

- - 

1.18 

1.30 

37 

.174 

286 

— 

1.14 

1.20 

38 

.176 

283 

— 

1.00 

I.36 

Oscillograph  trace  deflection  (proportional  to  strain)  which  is  defined  in  section 
entitled  "Effect  of  Flutter  on  Blade  Stresses." 
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TABLE  III.-  COMPARISON  OF  BLADE  BENDING  AND  TORSION  STRAIN- 
GAGE  TRACE  DEFLECTIONS  DURING  FLUTTER  WITH  TRACE  DEFLECTIONS 
DURING  NORMAL  OPERATION  AT  DESIGN  ROTOR  SPEED  OF  283  RPM 

[configuration  6^ 


Test 

p 

B,  in. 

Bj,,  in. 

B/Br 

T,  in. 

Tr,  in. 

1 

0 

1.13 

0.19 

5-95 

2.72 

0.05 

54.30 

2 

0 

1.95 

.19 

10.30 

3.85 

•  05 

76.90 

3 

0 

I.65 

•  19 

8.68 

3.52 

.05 

70.40 

4 

.067 

1.15 

.72 

1.60 

2.47 

.44 

5.61 

5 

.076 

1.46 

.78 

1.87 

2.50 

.50 

5.00 

6 

.077 

l.4o 

.78 

1.79 

3.16 

.50 

6.32 

7 

.077 

1.20 

.78 

1.54 

2.35 

.50 

4.70 

8 

.080 

i.4o 

•  79 

1.77 

2.99 

.51 

5.86 

9 

.083 

1.20 

.81 

1.48 

2.50 

.53 

4.72 

10 

.096 

1.75 

.84 

2.09 

3.35 

.57 

5.88 

11 

.112 

1.74 

i  -87 

2.00 

2.94 

.62 

4.74 

12 

.119 

1.73 

.85 

2.04 

3.20 

.63 

5.08 

13 

.121 

1.38 

1  .80 

1.72 

2.60 

.60 

4.33 

14 

.142 

1.75 

2.97 

2.90 

;  .38 

7.63 
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Figure  1.-  Rotor  mounted  on  test  stand. 
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Figure  2.-  Spanwise  variation  of  blade  weight  distribution. 


Figure  3»-  Spanwise  variation  of  blade  chordwise  center-of-gravity  location. 


Figure  4.-  Spanwise  variation  of  blade  mass  moment  of  inertia  about 

section  center  of  gravity. 
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Configuration 

1 

2 

3 

4 

5 


Ca  ,ft-lb/radian 

6.45 

19.25 

50.40  > 

116,00 
135.20 


Configuration 


(a)  Blade  configuration  used  to  study  effect  of  control  -  system  stiffness. 


Configuration  Ca  ,  ft-lb/radian 


6  135.20 


7  135.20 


(b)  Blade  configurations  used  to  study  effect  of  tip- speed  ratio. 

Figure  6.-  Schematic  drawing  of  blade  configurations. 


Pitch-control  arm 


Figure  7.-  Schematic  drawing  of  rotor  huh  showing  blade-retention  straps 

and  control-beam  installation. 


Figure  8.-  Blade  tab  installation. 
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Figure  9.-  Dimensional  sketch  of  rotor  support. 
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Figure  10.-  Sample  of  flutter 
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Figure  12.-  Variation  of  significant  blade  frequencies  with  rotor  speed 

at  flutter. 
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Figure  15.-  Effect  of  tip-speed  ratio  on  blade  bending  and  torsion  strain- 
gage  response  at  normal,  rotor  speed  with  inboard  counterweight  attached. 
Configuration  6. 
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Tip -speed  ratio,  = 

Figure  1 6.-  Effect  of  tip-speed  ratio  on  the  ratio  of  the  strain-gage 
response  at  flutter  to  the  strain-gage  response  at  normal  operating 
speed.  Configuration  6. 
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Southwell  coefficient,  Ka 

Figure  17.-  Variation  of  Southwell  coefficient  for  torsion  with  torsional 

frequency. 
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Figure  l8.-  Variation  of  torsional  frequency  with  effective  rotor  speed. 
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